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Kinetic analysis of pre-ribosome structure in vivo
AGATA SWIATKOWSKA,1 WIEBKE WLOTZKA,2 ALEX TUCK, J. DAVID BARRASS, JEAN D. BEGGS,
and DAVID TOLLERVEY3
Wellcome Trust Centre for Cell Biology, University of Edinburgh, Edinburgh EH9 3JR, Scotland
ABSTRACT
Pre-ribosomal particles undergo numerous structural changes during maturation, but their high complexity and short lifetimes
make these changes very difficult to follow in vivo. In consequence, pre-ribosome structure and composition have largely been
inferred from purified particles and analyzed in vitro. Here we describe techniques for kinetic analyses of the changes in pre-
ribosome structure in living cells of Saccharomyces cerevisiae. To allow this, in vivo structure probing by DMS modification
was combined with affinity purification of newly synthesized 20S pre-rRNA over a time course of metabolic labeling with
4-thiouracil. To demonstrate that this approach is generally applicable, we initially analyzed the accessibility of the region
surrounding cleavage site D site at the 39 end of the mature 18S rRNA region of the pre-rRNA. This revealed a remarkably
flexible structure throughout 40S subunit biogenesis, with little stable RNA–protein interaction apparent. Analysis of folding
in the region of the 18S central pseudoknot was consistent with previous data showing U3 snoRNA–18S rRNA interactions.
Dynamic changes in the structure of the hinge between helix 28 (H28) and H44 of pre-18S rRNA were consistent with
recently reported interactions with the 39 guide region of U3 snoRNA. Finally, analysis of the H18 region indicates that the
RNA structure matures early, but additional protection appears subsequently, presumably reflecting protein binding. The
structural analyses described here were performed on total, affinity-purified, newly synthesized RNA, so many classes of
RNA and RNA–protein complex are potentially amenable to this approach.
Keywords: ribosome synthesis; yeast; RNA structure; 4-thiouracil; ribonucleoprotein
INTRODUCTION
Ribosome synthesis in the yeast Saccharomyces cerevisiae is
a complex, multistep pathway, involving more than 200
proteins and 75 small nucleolar RNAs (snoRNAs). The pre-
rRNA is composed of the small subunit rRNA (18S) and
large subunit rRNAs (25S and 5.8S), which are separated by
internal transcribed spacers (ITS1 and ITS2) and flanked by
external transcribed spacers (59-ETS and 39-ETS) (Fig. 1A).
The nucleolar pre-rRNA is initially packaged with ribosomal
proteins and ribosome synthesis factors and modified at
many sites, most of which are selected by base-pairing with
snoRNAs. A complex processing pathway then generates
the mature rRNAs (Fig. 1B). During the early steps of pre-
ribosome assembly, the U3 snoRNA base-pairs with the
59-ETS and 18S regions of the pre-rRNA. These U3
interactions do not direct RNA modification but are
required for the initial cleavage events at sites A0 and A1
in the 59-ETS and at A2 in ITS1. Cleavage at site A2 splits
the pre-ribosome into pre-40S and pre-60S complexes,
which are independently exported to the cytoplasm, where
the final maturation steps take place. Cytoplasmic process-
ing of the 20S pre-rRNA to 18S rRNA, by cleavage of site D
by the PINc endonuclease Nob1, is the last known event
in maturation of the 40S ribosomal subunit (Udem and
Warner 1973; Fatica et al. 2003; Pertschy et al. 2009), and
takes place when the pre-40S particles have associated with
the translation initiation factor eIF5b and mature 60S sub-
units (Lebaron et al. 2012; Strunk et al. 2012).
Genetic analyses and mass spectrometry have identified
many proteins required for rRNA processing and pre-
ribosome assembly, and a range of techniques including
cross-linking, electron microscopy (EM), and crystallogra-
phy are revealing the details of pre-ribosome structure.
Despite this, many unanswered questions remain about the
structural rearrangement of rRNA and the many transient
RNA–protein interactions that must occur during ribo-
some biogenesis. Several biochemical approaches based on
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the chemical modifications of RNA can potentially provide
information about RNA structure within RNP complexes
(Stern et al. 1988; Balzer and Wagner 1998; Liebeg and
Waldsich 2009; Weeks 2010). However, most provide in-
formation about the complex at steady state and are less
suited for analyses of dynamic structural changes in RNA
and short-lived interactions. In an attempt to overcome
these problems, we established an approach based on the
combination of 4-thiouracil (4TU) labeling of nascent RNA
in vivo (Cleary 2008; Zeiner et al. 2008) combined with
DMS modification in vivo (Ares and Igel 1990b; King et al.
2003). DMS modification provides information about RNA
structure and accessibility in living cells (Ares and Igel 1990a;
Zaug and Cech 1995; Waldsich et al. 2002). DMS modifies
the N1 position of adenosine and, to some extent, N3 of
cytidine, unless they are involved in hydrogen-bond for-
mation. The modification of uridine residues has also been
observed, but the chemistry of U modification remains unclear
(Wells et al. 2000). Following RNA extraction, incorporated
4TU residues can be biotinylated in vitro, allowing affinity
purification of the RNA and conventional Northern and
primer extension analyses. In this way, in vivo 4-thiouracil
labeling can be used to determine the kinetics of RNA
processing and identify intermediate products (Cleary
2008).
Here we demonstrate that the combination of these tech-
niques is feasible and use this approach to address changes in
the structure of maturing pre-40S ribosomal subunits.
RESULTS
Cleavage site D and the surrounding nucleotides are
accessible throughout rRNA maturation
Incorporation of 4TU into RNA in wild-type yeast was low,
whereas incorporation of 4-thio UTP during transcription
run-on in permeablized cells appeared efficient (data not
shown), strongly indicating that uptake was limiting. In an
attempt to increase uptake, we expressed the uridine trans-
porter Fui1 from a plasmid, and this resulted in enhanced
incorporation of 4TU into RNA. For these studies, strain
BY4741 had the URA3 gene restored by precise reinte-
gration at the URA3 locus, to allow growth in medium
lacking uracil, and was transformed with a multicopy plasmid
overexpressing Fui1 under the control of its own promoter
(pTA1). While this work was underway, the use of a dif-
ferent permease, the human equilibriative nucleoside trans-
porter (hENT1), to enhance uptake of the related com-
pound 4-thiouradine was reported independently (Miller
et al. 2011).
The functionality of labeled ribosomes was not directly
tested, but yeast cells labeled with 4TU or 4SU show no
growth defects (data not shown) or changes in rates of mRNA
accumulation (Miller et al. 2011; Sun et al. 2012), indi-
cating the modified RNAs are fully functional.
The experimental design for purification and analysis of
in vivo–modified yeast RNA is outlined in Figure 2A. To
isolate newly synthesized pre-rRNA, 4-thiouracil (4TU)
labeling was performed for short time courses of 2–7 min.
During the final minute of these periods, DMS was imme-
diately added to the yeast culture to modify the RNA. Ice-
cold b-mercaptoethanol was then added, to simultaneously
quench both DMS modification and 4TU uptake. To ensure
complete quenching of the reactivity of DMS, isoamyl
alcohol was also added. A range of conditions for DMS
modification and quenching were assessed (data not shown),
and the protocol given in Materials and Methods appeared
optimal. Total RNA was extracted, the thio-ketone groups
present in 4TU labeled RNA were reduced to sulfydryl
groups by treatment with tris(2-carboxyethyl)phosphine
(TCEP), and then biotinylated using HPDP-biotin. Bio-
tinylated RNA was purified on streptavidin magnetic beads
to isolate newly synthesized RNA, and sites of DMS modi-
fication were detected by primer extension.
The ability of this approach to monitor the processing of
newly synthesized 20S pre-rRNA was assessed by Northern
hybridization (Fig. 2B). After labeling for 2 min, 20S pre-
rRNA was detected but not mature 18S rRNA, consistent
with data based on metabolic radiolabeling of pre-rRNA in
yeast with [3H] uracil (Kos and Tollervey 2010). Approx-
FIGURE 1. Yeast pre-rRNA processing pathway. (A) Schematic
representation of the yeast pre-rRNA showing hybridization probe
locations. (B) Simplified schematic of the yeast pre-rRNA processing
pathway.
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imately 70% of nascent pre-rRNA transcripts are cleaved
cotranscriptionally at sites A0–A2 to release 20S pre-RNA.
This nascent transcript cleavage is responsible for the 20S
detected at the 2-min time point. Subsequent maturation
of 20S to 18S rRNA requires export to the cytoplasm and
takes approximately a further 2 min (Kos and Tollervey
2010). Particularly at early time points, a major fraction of
the labeled RNA is in the form of nascent transcripts, which
generate the strong lane background.
To test whether chemical modification of the newly
synthesized RNA can provide information regarding pre-
rRNA structure, we analyzed the region surrounding cleav-
age site D. Cleavage of site D by the endonuclease Nob1 is
the final step in maturation of 20S pre-rRNA to 18S rRNA
(Fatica et al. 2003; Pertschy et al. 2009). Based on analysis
at steady state, it was reported that the region flanking site
D is accessible to chemical modification in pre-40S parti-
cles, indicating there are no stable structured elements in
this region (Lamanna and Karbstein 2009, 2011; Granneman
et al. 2010). However, it remained possible that more transient
RNA structures or protein associations were formed during
ribosome synthesis. To monitor potential structural rear-
rangements surrounding site D during pre-rRNA process-
ing, DMS modification of newly synthesized RNA was
performed. After 2 min of 4TU labeling, the DMS modifi-
cation pattern was similar to the pattern obtained at steady
state (Fig. 3A). All positions neighboring site D were mod-
ified with the same intensity as in total RNA (Fig. 3C,D),
except for subtle differences in the reactivity of nucleotides
10 and 13, located at the 39 side of site D.
To compare the structure of the re-
gion surrounding site D in vivo with the
structure present in the pre-40S complex,
the DMS modification was performed
in vitro using tagged forms of the 40S
ribosome synthesis factor Tsr1 or Nob1
as bait (Fig. 3B). Semi-quantitative anal-
ysis revealed minor changes in reactivity
compared with modifications in vivo.
However, all positions were modified,
showing that the region surrounding
the site D site is flexible. Stronger mod-
ification was observed close to site D,
especially at position A2, adjacent to
cleavage site (Fig. 3C; Supplemental Fig.
S1). This indicates that single-stranded
RNA is protruded in order to expose
site D and facilitate the cleavage within
the pre-40S particle. Overall, the struc-
ture of the 20S pre-rRNA appears very
similar in the Tsr1–HTP and Nob1–
HTP complexes (Fig. 3A; Supplemental
Fig. S1). In vivo and in vitro A21 is not
reactive, and only weak modifications
are observed in the tract of four aden-
osine residues at positions 20–23 (indicated in Fig. 3A).
The observed modification pattern of newly synthesized,
4TU-selected RNA reflects pre-rRNA folding at early steps
of rRNA biogenesis, whereas 20S pre-rRNA present in the
purified pre-40S particle represents later steps in matura-
tion. We therefore conclude that the region around site D is
unstructured during pre-rRNA processing.
DMS modification of newly synthesized RNA
is consistent with U3 snoRNA–rRNA interactions
in the central region of the pre-18S rRNA
The U3 snoRNA makes base-paired interactions with the
pre-rRNA at two sites in the 59-ETS (see Fig. 4A,B;
Beltrame and Tollervey 1995; Dutca et al. 2011) and in
the loop of helix 1 (H1) at the 59 end of the 18S rRNA
(Hughes et al. 1987; Sharma and Tollervey 1999). In the
mature 40S ribosome, these H1 loop nucleotides form a
conserved long-range interaction, the ‘‘central pseudoknot,’’
with 18S rRNA nucleotides 1140–1142, and U3 was also
proposed to base-pair with these nucleotides (see Fig. 4B;
Sharma and Tollervey 1999). Mutational analysis was unable
to confirm the interaction between U3 and the 39 side of the
18S pseudoknot (Sharma and Tollervey 1999), but structure
probing was consistent with this base-pairing (Dutca et al.
2011). To assess the kinetics of this potential interaction, we
probed the central region of 18S rRNA in 4TU-labeled
samples. The DMS modifications pattern of newly synthe-
sized RNA supports the presence of the pre-rRNA–U3 in-
teraction in early pre-ribosomes (Fig. 5; Supplemental Fig. S2).
FIGURE 2. DMS modification in vivo and purification of newly synthesized rRNAs. (A)
Schematic representation of the labeling and purification procedure, described in the text. (B)
Northern analyses of newly synthesized rRNAs. One percent of total RNA and 100% of IP RNA
were used for analysis. RNAs were separated on a 1.5% BPTE agarose gel and transferred to
nylon membrane. Oligo probes that were used to monitor intermediates of rRNA processing
and 18S rRNA are indicated.
In vivo pre-ribosome structure
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FIGURE 3. Accessibility of the region flanking cleavage site D to DMS modification during rRNA processing. (A) DMS modification in vivo. The
4TU labeling was performed for 2, 3, 5, and 7 min, with DMS added to the culture for the final minute. 4TU labeling and DMS modification were
quenched together by addition of ice-cold b-mercaptoethanol and isoamyl alcohol. RNA was extracted and purified as described in Materials and
Methods. Primer extension products were resolved on 12% PAA/7M UREA gel. The results of primer extension of total RNA and newly
synthesized RNAs (4TU RNA) are presented on the autoradiogram. The lane described as ‘‘no 4TU’’ represents unlabeled RNA, which was mock-
purified. The result from one experiment is presented on two autoradiograms. The first nucleotide at the 59 side of the D cleavage site is numbered
as position 1. The D cleavage site is indicated by the arrow. (Dotted line along the autoradiogram) The region that was quantified. Two
adenosines in H45 dimethylated by Dim1 in vivo are marked by ‘‘M.’’ (B) DMS modification of RNA presented in purified pre-40S complex. The
purification was performed using Tsr1-HTP (His6-TEV-ProtA) or PTH-Nob1 (ProtA-TEV-His6) as bait. The experiment was performed as
described by Granneman et al. (2010). Primer 103 (complementary to ITS1) was used for primer extension through the site D region. (C) Semi-
quantitative analysis of the DMS modification of total RNA relative to newly synthesized RNA. The columns represent averages, with error bars
showing standard deviations from three independent in vivo experiments. In vitro structure probing was repeated twice. Due to degradation in
position 11 of RNA probed in vitro, the intensity of modification was not measured. (D) DMS-modified nucleotides are marked on the secondary
structure model of the 59 end of ITS1 and 39 end of the 18S rRNA region. The surrounding site D is accessible to modification in total RNA as well
as in newly synthesized pre-rRNA. There are no statistically significant changes between the labeling of total RNA relative to newly synthesized
RNA, so all positions are marked by gray dots.
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Strongly decreased reactivity of A1139 at the 59 side of the
pseudoknot was observed in newly synthesized RNA, con-
sistent with U3 base-pairing (Fig. 4B). In strains depleted for
U3 snoRNA, A1139 was reported to be fully accessible for
DMS modification (Dutca et al. 2011). At later times of 4TU
labeling, the reactivity of A1139 was increased, consistent
with the accumulation of the mature pseudoknot struc-
ture of the 18S rRNA (Fig. 5; Supplemental Fig. S2). The
reactivity of A1138, which lies adjacent to nucleotides in-
volved in the U3 interaction, is unchanged during the time
course. Lack of modification of A1142 can be explained if,
as expected, the pre-rRNA interaction with U3 is rapidly
followed by formation of the 18S pseudoknot. No strong
modifications were observed in the surrounding central re-
gions of 18S rRNA (Fig. 5B), consistent with previous data
(Dutca et al. 2011).
FIGURE 4. Interactions between U3 snoRNA and the pre-rRNA. (A) U3 interacts with the 59 ETS at sites around positions +280 and +480
(Beltrame and Tollervey 1995; Dutca et al. 2011), and with the 18S rRNA around +10 and +1140 (Hughes et al. 1987; Sharma and Tollervey 1999;
Kudla et al. 2011). (B) Sites of U3 binding along the pre-rRNA. Colors match the rRNA regions highlighted in panel A. (C) U3 interactions
detected by CLASH within the 18S rRNA region. (B,C, red) The U3 and rRNA sequences involved in the interaction.
In vivo pre-ribosome structure
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FIGURE 5. Changes in base-pairing in the central part of 18S rRNA revealed by different access to DMS modification in newly synthesized RNA.
(A) DMS modification in vivo of the central part of 18S rRNA. The 4TU labeling was performed for 2, 3, and 7 min, with DMS added to the
culture for the final minute. DMS modification and RNA purification were performed as described in the legend of Figure 3 and the text. Four
sequencing lanes are presented. Primer 101 (complementary to 18S H31) was used for primer extension through the central pseudoknot region.
The nucleotide positions are marked on the right side of the gel. (Dotted line along the autoradiogram) The region that was quantified. The three
‘‘Total RNA’’ lanes are technical replicates. (B) Semi-quantitative analysis of the DMS modification of total RNA relative to newly synthesized
RNAs. The bars represent averages, with error bars showing standard deviations based on biological replicates from three independent
experiments. (C) Changes in the intensity of DMS modifications in newly synthesized RNA compared with total RNA displayed on the secondary
structure model of the analyzed part of rRNA. The modifications whose intensity is below 2.5% are not presented on the structure. (Red) rRNA
sequence involved in interactions with the U3 snoRNA.
Swiatkowska et al.
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Analysis of new interactions
between U3 snoRNA
and 18S rRNA
U3 is a member of the box C/D class
of snoRNAs, and the characteristic pro-
teins (Snu13, Nop1, Nop56, and Nop58)
bind to the 39 region of U3, which
carries homologs of the C, C9, D, and
D9 boxes. The interactions described
above involve the 59 region of the U3
snoRNA (see Fig. 4), whereas in all
other characterized members of the
large box C/D family, the pre-rRNA
binding sites lie immediately adjacent
to the D and D9 boxes. The mode of U3
binding therefore appeared to be dif-
ferent from all other box C/D snoRNAs.
However, a recent analysis using cross-
linking and sequencing of hybrids
(CLASH) revealed further potential U3/
18S rRNA interactions (see Fig. 4B,C;
Kudla et al. 2011). This identified base-
pairing between 18S sequences in the
H28–H44 hinge region close to the
39 side of the pseudoknot and a se-
quence in U3 that flanks the 39 D box.
This suggested that additional U3 in-
teractions might aid pre-rRNA folding
to bring together the 59 and 39 sides of
the central pseudoknot, which involves
only 3 bp between sequences that are
separated by >1100 nt in the primary
sequence. We therefore examined the
structure of the central region of 18S
including the newly identified U3 in-
teraction site. To test the proposed U3–
pre-RNA interaction, we initially ana-
lyzed the predicted secondary structure
folding in silico. Two alternative models
can be drawn, with similar free energy values (Fig. 6).
In vivo structure probing revealed a strong primer ex-
tension stop at position C1639 (Fig. 7A; Supplemental Fig.
S3) generated by endogenous RNA 29-O-methylation, which
made it difficult to perform accurate quantitative analysis.
However, band intensities were measured, and the scanned
lanes are presented on the graphs. DMS patterns at steady
state were consistent with the secondary structure model of
mature rRNA. Modification was observed at A1631, located
in a bulge, and C1634, located in a single-stranded region
(Figs. 6, 7A; Supplemental Fig. S3).
C1636 was protected in total RNA, and the 80S ribosome
crystal structure (Ben-Shem et al. 2010, 2011) indicates that
it is involved in tertiary interaction with G1767, located in
the junction between H44 and H45. However, C1637 and
A1635 were also unmodified in total RNA, but these posi-
tions are unpaired and make no mapped ribosomal protein
interactions. Both nucleotides, A1635 and C1637, are very
close to the decoding center, so it is conceivable that in-
teractions with the translational machinery results in the
observed lack of DMS modification in total RNA. The 80S
crystal structure was derived from ribosomes purified from
non-translating cells, and it is very likely that these are not
completely identical to the ribosomes present in actively
growing cells.
For newly synthesized pre-rRNA, detected after 2 and 4
min of 4TU labeling, modification was strongest at position
A1635 (Fig. 7A; Supplemental Fig. S3). After longer times
of labeling, the reactivity of nucleotides in the H28/H44
hinge was substantially different. All positions were mod-
FIGURE 6. Potential U3 snoRNA–pre-rRNA interactions. Secondary structure models of U3–
pre-rRNA chimeras. Changes in the intensity of DMS modifications in newly synthesized RNA
after 4 min of labeling compared with total RNA displayed on the secondary structure model
of the analyzed part of rRNA. Based on the CLASH data, part of helix 3 and helix 5 of U3
snoRNA can interact with the region close to the 39 side of the pseudoknot of 18S rRNA
(Kudla et al. 2011). Alternative models for the structure of the U3 snoRNA–rRNA chimera, as
predicted by the RNAStructure program. The predicted stable stem formed between the 39
region of the rRNA and U3 snoRNA is supported by the lack of modification at C1636 and
C1637. Higher reactivity of A1635 fits with both chimera structure models. Based on both the
structure predictions and DMS modification patterns, the central region of the chimera is less
stable with the potential for structural rearrangements.
In vivo pre-ribosome structure
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FIGURE 7. Testing potential U3 snoRNA–pre-rRNA interactions. (A) Comparison of DMS modifications patterns of total RNA and newly
synthesized RNAs. The nucleotide positions are indicated on the side of the gel. A primer extension stop generated by natural modification of
C1639 is indicated (1639C-29-O-methyl). The graph presents the intensity of bands in each lane: (black line) total RNA; (red line) 2 min; (green
line) 4 min; (blue line) 6 min of 4TU labeling. (B) DMS modification of RNA present in purified pre-40S complex. The purification was
performed using Tsr1-HTP as bait. 18S and 20S rRNAs were recovered as described for panel C. The graph presents the intensity of bands in the
lane showing modification of 20S rRNA. Primer 104 (complementary to the apical loop of 18S rRNA helix 44) was used in all experiments. All
experiments were repeated twice. (C) Isolation of 18S and 20S rRNA. RNA was extracted from purified pre-40S complexes. DMS modified (+)
and unmodified () RNA was separated on a 2% agarose, BPTE gel. The gel was stained by SYBR to visual the RNA, the 18S and 20S regions were
excised form the cut gel, and RNA was eluted.
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ified, with the strongest modifications observed at positions
C1632 and A1635 (Fig. 7A; Supplemental Fig. S3). To obtain
further details concerning the structure of the H28/H44
hinge, chemical probing was performed in vitro on pre-40S
complexes purified using Trs1-HTP as bait. The 20S pre-
rRNA was modified in vitro, extracted, and resolved on
agarose gels to separate 18S rRNA from 20S pre-rRNA (Fig.
7C). The DMS modification pattern of isolated 20S rRNA
resembles the DMS pattern for newly synthesized, in vivo
rRNA after 6 min of labeling, except for C1634, which is not
reactive in 20S pre-rRNA in vitro (Fig. 7A,B). These results
provided strong evidence that structures present at early
and late steps of rRNA biogenesis can be distinguished. The
DMS pattern obtained in vivo after 6 min of labeling shows
the combined reactivity of nucleotides in 20S pre-rRNA and
mature 18S rRNA, since both are recovered at this time point.
The primer-extension signal after 2 min of labeling was
faint, so we compared the DMS pattern obtaining after
4 min of labeling with modification patterns observed at
steady state. At steady state, the strongest modification was
observed at position C1634, whereas A1635 is the most
reactive in newly synthesized, 4TU-labeled RNA. This obser-
vation is consistent with either chimera structure model,
since this position is bulged in both. The central nucleo-
tides of the U3–pre-RNA chimera are different in the two
proposed models. Model 1 includes a 3-nt bulge, whereas
model 2 includes two single bulged nucleotides separated
by a 2-nt stem (Fig. 6). The lack of reactivity of C1634 in
newly synthesized RNA (Fig. 7A) fits with model 2, in
which this nucleotide is base-paired (Fig. 6). The lack of
modification at A1633 in both steady-state and newly
synthesized RNA also supports model 2 (Fig. 6). However,
model 2 would also predict higher DMS modification of
A1631 and C1632 relative to A1633 and C1634 on RNA
extracted at early time points of 4TU labeling, which is not
observed.
We envisage that the U3–pre-RNA interaction is dy-
namic and some discrepancy between DMS modification
pattern and structure model results from rearrangements in
base-pairing.
Our results indicate that the H28/H44 hinge region is re-
peatedly refolded during rRNA biogenesis. DMS modification
in vivo provides experimental data that support the interac-
tion between the U3 snoRNA guide region and the pre-RNA.
Changes in the structure of helix 18 during
maturation
Figures 6 and 7 showed that the structural neighborhood
on the 39 side of the central pseudoknot is rearranged
during rRNA processing. We therefore tested whether the
structure 59 to the central pseudoknot sequence, helix 18
(H18), is also refolded during pre-ribosome maturation.
The DMS modification pattern of H18 in newly synthe-
sized rRNA (Fig. 8A,B) is in good agreement with the
tertiary structure derived from the yeast ribosome crystal
structure (Fig. 8C,E; Ben-Shem et al. 2010). Strongly
modified nucleotides at positions C554, A567, A570, and
A579 (Fig. 8A,B) are all located in single-stranded regions
(Fig. 8C,E). The crystal structure of the yeast ribosome also
revealed further details about the pseudoknot in H18. Base-
pairing was previously proposed between three nucleotides,
G(552)GC, located in a bulge, and nucleotides G(571)CC,
located in the apical loop of the stem (Fig. 8C,E). The
crystal structure showed that C554 can stabilize this
pseudoknot by stacking interactions, but the N3 position
is not involved in hydrogen-bond formation (Fig. 8E). The
reactivity seen for C554 in our analysis is therefore con-
sistent with the crystal structure. Cytidines C572 and C573,
which are base-paired within the pseudoknot (Fig. 8C),
were unmodified in both the purified nascent RNA and
total RNA. Position A579 is modified in newly synthesized
rRNA and in RNA at steady state. We therefore conclude
that the global structure of H18 is similar in newly synthe-
sized and mature 18S rRNA, and the pseudoknot is formed at
an early step of subunit maturation.
However, in vivo chemical modification revealed some
clear differences between newly synthesized rRNA and
total RNA (Fig. 8A). Positions A567 and A570 were sub-
stantially more accessible to modification in newly synthe-
sized RNA than in total RNA, which is predominately
mature 18S (Fig. 8A,B). Decreased reactivity at A555 and
A556 was also seen in total RNA. The protection of A567
and A570 in total RNA may reflect the assembly of proteins,
particularly Rps23, onto 18S rRNA in this region (Supple-
mental Fig. S4). Site-directed mutagenesis of the rRNA
showed that H18 is a functional element of the ribosome
decoding center, acting together with H34 and part of H44
(O’Connor et al. 1997).
In vivo chemical modifications of newly synthesized
rRNA showed that the final structure of H18 is formed
early in pre-rRNA processing. The DMS modification pat-
tern of newly synthesized rRNA is generally consistent with
crystal structure of H18 in mature yeast ribosomes. How-
ever, the increased protection in total RNA likely reflects
the assembly of proteins with this region.
DISCUSSION
The determination of the in vivo structure of large, highly
dynamic, RNA–protein complexes such as pre-ribosomes
has always been very challenging. For this reason, most
analyses have been performed in vitro using purified com-
plexes. This allows a range of structure probing reagents to
be brought to bear on the problem but has the disadvantage
that labile factors and structures may be lost during puri-
fication. Moreover, multiple states of the in vivo complex
are not resolved and will be analyzed together. In vivo
structure probing is feasible using DMS-induced methyla-
tion, which predominately modifies solvent-accessible A
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and C residues. Among other applications, this approach
has been used on yeast pre-ribosomes to assess the struc-
ture surrounding cleavage site D at the 39 end of the 18S
rRNA (Lamanna and Karbstein 2009; Pertschy et al. 2009;
Granneman et al. 2010) and interactions between U3
snoRNA and the central pseudoknot region (Dutca et al.
2011). While these analyses were undoubtedly informative,
they provided an ensemble view of pre-ribosomes all along
the maturation pathway. To address this problem, we
provide a tool for kinetic analysis of in vivo assembly of
pre-ribosomes and other complex RNPs. The analysis of
pre-rRNA processing by metabolic labeling is a long-
established approach. This has traditionally involved the
use of [3H]-uracil to allow newly synthesized molecules
to be specifically identified. Initially, pulse-chase labeling
was used; however, pulse labeling without chase is more
readily analyzed kinetically, with short-lived intermedi-
ates being assessed during the approach to steady state
(Kos and Tollervey 2010). In the present study, we adopted
a related method: metabolic pulse-only labeling, but
using 4-thiouracil to follow the newly synthesized popula-
tion. In vitro biotinylation of 4-thiouracil-labeled RNA
allows its purification on streptavidin beads under very
stringent conditions, with a consequent high degree of
enrichment.
Using this technique, we were able to resolve changes in
pre-ribosome structure that take place on a minute time
scale. There are, of course, limitations to this approach.
Principal among these is the requirement for suitably po-
sitioned A or C residues, which show clearly distinguished
alterations in accessibility. This limitation was seen, for
example, in the case of the proposed U3-18S interactions,
where both the mature 18S and the U3-18S stems protect
the same nucleotides, while the opposite side of the 18S
stem lacks potentially reactive nucleotides. Clear differences,
however, were seen in the H18 region of the decoding
center, which plays a major role in aa-tRNA recognition in
the ribosomal A-site (Ogle et al. 2003). Here the RNA stem
and pseudoknot structure appears to form early, but pro-
tection of single-stranded nucleotides was greatly increased
over time, indicative of protein binding. In cases in which
the RNA population is heterogeneous, we predominately
observe the modification pattern for the most abundant
species, as is the case for many structural analyses. How-
ever, the method described here is an advance over pre-
vious, steady-state, approaches because RNA populations
that are dominant at different time points can potentially
be distinguished (as shown, e.g., in Fig. 5). In addition, the
method can be used to assess whether the modification
pattern reflects a population of different RNA structures.
This was seen for the central pseudoknot (Fig. 5) and for
the hinge region between H28 and H44 (Figs. 6, 7). In
analyses at steady state, such information is lost.
Because the total 4TU-labeled RNA population is re-
covered following DMS treatment, these analyses can,
in principal, be applied to any in vivo RNA or RNA–
protein complex, most of which are less well character-
ized than are the pre-ribosomes. The time course of
labeling is limited to z1 min resolution, but this should
be sufficient for most analyses, particularly in higher
eukaryotes.
MATERIALS AND METHODS
Strains and media
S. cerevisiae strain BY4741 with URA3 restored expressing the
uridine permease Fui1 from the pAT1 plasmid was used in all
in vivo DMS modification experiments. Cells were grown in
SDUraLeu at 30°C. S. cerevisiae strain D1091 (BY4741 with Trs1-
HTPTURA3) and strain BY4741 with the pADH-HTP-Nob1
plasmid were used to purify pre-40S complex (Granneman et al.
2010). Cells were grown in YPD at 30°C. The FUI1 gene, including
the entire coding region plus 474 bases upstream and 191 bases
downstream, was amplified from S. cerevisiae genomic DNA using
primers Fui1_F1_Xho1 and Fui1_R1. The PCR primers used
introduced novel XmaI and SacII sites at the 59 and 39 ends of
FUI1, respectively. These sites were used to introduce the PCR
fragment into the 2m plasmid pRS426 at its multiple cloning site.
The insert and plasmid were mixed in a 5:1 ratio and ligated using
T4 DNA ligase overnight at 16°C. The FUI1 insert was verified by
sequencing. To restore the URA3 gene in BY4741, S. cerevisiae
URA3 was amplified by PCR from strain pSG100 using primers
URA3_int1 and URA3_int 2. The resulting PCR product was used
to transform BY4741, restoring the URA3 gene at its endogenous
locus by homologous recombination. Correct URA3 insertion was
confirmed by PCR.
Chemical modification in vivo and in vitro
DMS modification in vivo was performed followed the published
protocol (Ares and Igel 1990b; King et al. 2003). Cells were grown
to OD600 = 0.5–0.6, then 4-thiouracil labeling was performed for
the times indicated, with DMS added during the final minute of
FIGURE 8. Structure of helix 18. (A) In vivo DMS modification of helix 18 (H18) of rRNA. The 4TU labeling was performed for 2, 4, and
6 min. Lane C is an additional control with 6 min of 4TU labeling without DMS addition. The results from one experiment are visualized on
two autoradiograms. Primer 102 (complementary to 18S H21) was used for primer extension analyses of the H18 region. (B) The graphs
present the intensity of bands in each lane: newly synthesized RNA: (red line) 2 min; (green line) 4 min; (blue line) 6 min of 4TU labeling and
total RNA (black line on the lower graph). (C) Secondary structure model of H18. Nucleotides involved in the pseudoknot are boxed. DMS
modified positions, C554, A567, A570, and A579, which are discussed in the text, are marked on the structure. (D) The same positions are
indicated on the tertiary structure of H18 (Ben-Shem et al. 2010). (E) Structure of the pseudoknot with C554 highlighted in blue, which takes
part in the stacking interaction. The PyMol program was used to present tertiary structure of H18 (data from NDB ID: NA0650) (Ben-Shem
et al. 2010, 2011).
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labeling. Respectively after each time point of 4-thiouracil uptake,
25 mL of culture was taken, and 500 mL of DMS, freshly diluted
1T2 in 95% ethanol, was added to the culture. RNA was modified
for 1 min at 25°C with shaking. The reaction was quenched by
20 mL of 0.7 M ice-cold b-mercaptoethanol and 10 mL of water-
saturated isoamyl alcohol. The cells were centrifuged, and the
pellet was washed once more with 15 mL of 0.7 M cold
b-mercaptoethanol and then twice with cold water.
Pre-40S complexes were prepared by one-step purification on
IgG Sepharose beads as previously described (Granneman et al.
2010). DMS, diluted freshly 1T10 in 95% ethanol, was added to
the pre-40S complex presented on IgG Sepharose beads to the
final concentration of 5% (5% of 1T10 DMS solution). The re-
action was stopped by adding an equal volume of a mix containing
0.5 M b-mercaptoethanol and 1.5 M sodium acetate (pH 5.3).
RNA was immediately extracted by GTC phenol mix (4 M
guanidine thiocyanate, 0.05 M Tris at pH 8.0, 0.01 M EDTA, 2%
sarcosyl, 1% b-mercaptoethanol, 50% [v/v] phenol) (Sambrook
et al. 1989).
Isolation of 18S and 20S RNA
RNA was resolved on 2% agarose, BPTE—10 mM PIPES (2-[4-(2-
sulfoethyl)piperazin-1-yl]ethanesulfonic acid, 30 mM Bis-Tris,
1 mM EDTA at pH 8.0—gels (Sambrook et al. 1989). Electro-
phoresis was performed for 20 h at 60 V. The gel was stained by
SYBR to visual RNA, and then 18S rRNA and 20S rRNA were cut
and eluted. RNA was eluted using QG buffer (QIAGEN) and in-
cubated at 42°C until dissolved. Then RNA was purified on
columns (MiniElute-spin column 50; QIAGEN). RNA was pre-
cipitated using 3 volumes of cold ethanol and 2 mL of 20 mg/mL
glycogen for 20 min at 20°C.
4-Thiouracil (4TU) labeling and purification
Cells containing the pAT1 plasmid with uridine permease Fui1
were grown in SD Ura Leu to OD600 = 0.6–0.75. 4-Thiouracil
was added to the culture to a final concentration of 100 mM.
4-Thiouracil uptake and DMS reactivity
DMS and 4TU were quenched by 20 mL of 0.7 M ice-cold
b-mercaptoethanol and 10 mL of water-saturated isoamyl alcohol.
The next wash was performed using only 15 mL of 0.7 M ice-cold
b-mercaptoethanol. The cell pellet was washed twice with cold
water. RNA was extracted by hot phenol extraction at 60°C, and
thio-ketone groups (C=S) of RNA were reduced to sulfhydryl
groups (C—SH) by treatment with TCEP, tris(2-carboxyethyl)-
phosphine. RNA was biotinylated with a 0.4 mM final concen-
tration of HPDP-biotin diluted in dimethylformamid, and then
newly synthesized RNAs were recovered by binding to strepta-
vidin magnetic beads. RNA was eluted from the beads twice in
150 mL of 0.1 M b-mercaptoethanol. Fifty percent of the total
amount of recovered RNA was used for one primer extension
reaction.
Reduction step
Total RNA was reduced with 20 mL of TECP agarose slurry
(Pierce) in 50 mM Tris-HCl (pH 7.8), 1 mM EDTA in a total
volume of 110 mL for 2 h at 16°C.
Biotinylation of RNA
RNA was biotinylated with 25 mL of HPDP-biotin (Pierce) (4 mM
in dimethylformamid stock) in a total volume of 250 mL for 3 h at
25°C in the dark.
RNA was extracted once with chloroform/isoamyl alcohol and
precipitated with 3 volumes of cold ethanol for 1–3 h at 20°C.
Purification of newly synthesized RNA
Newly synthesized RNA was bound to 50 mL of streptavidin
magnetic beads (Roche) that were preblocked with 200 mg/mL
glycogen (Roche) in RBS buffer (10 mM Tris at pH 7.5, 100 mM
NaCl, 2.5 mM MgCl2, 0.4% Triton X-100) for 0.5 h at 25°C.
Binding RNA to beads was performed for 1 h at 25°C. Then beads
were washed three times with RBS buffer, twice with buffer (10 mM
Tris-HCl at pH 7.5, 1 mM EDTA at pH 8.0, 1 M NaCl), and twice
with water.
Elution
Newly synthesized RNA was eluted twice with 150 mL of 0.1 M
b-mercaptoethanol.
Precipitation
RNA was precipitated with 0.1 volume of 3 M NaOAc (pH 5.2),
3 volumes of cold ethanol, and 2 mL of 20 mg/mL glycogen
overnight at 20°C. Following precipitation, RNA was resus-
pended in 8 mL of water. Fifty percent of the total amount of RNA
was used for primer extension, which is sufficient for five separate
reactions.
Primer extension and Northern blotting
DMS modification positions were mapped by primer extension.
The primer extension reaction was performed using a 0.5 mM
final concentration of each dNTP in the presence of 50 units of
reverse transcriptase (SuperScript III, Invitrogen) for 50 min at
50°C. The reaction was stopped by addition of an equal volume of
loading dye and heating for 3 min at 85°C. One microgram of
total RNA, 50% of total amount of newly synthesized RNAs, and
z100 ng of purified RNA were used for each primer extension
reaction. Semi-quantitative analysis of gel band intensities was
performed using the adaptive image deconvolution algorithm
(AIDA) (Hom et al. 2007). The intensity of the line was measured,
and the percentage of each band in this line was calculated. The
intensities were then compared for relevant bands (value of per-
centage) in total RNA versus newly synthesized RNA. The se-
quencing ladder was generated using 1–5 mg of unmodified total
RNA. The final concentration of dideoxy terminating nucleotides
(ddNTP) was 0.25 mM. Primer extension products were resolved
on a 12% PAA/7 M urea gel. The primers used for primer ex-
tension reactions are listed in Table 1.
Northern hybridization was preformed as described (Tollervey
1987). One microgram of total RNA and 100% of the total amount
of newly synthesized RNAs were resolved on 1% agarose, BPTE—10
mM PIPES (2-[4-(2-sulfoethyl)piperazin-1-yl]ethanesulfonic acid),
30 mM Bis-Tris, 1 mM EDTA at pH 8.0—gels and then transferred
on Hybond N+ membranes, which were hybridized using probes
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labeled with [g-32P]ATP and directed against different intermediates
of rRNA processing (Table 1).
SUPPLEMENTAL MATERIAL
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